Nitrogen can be a limiting macronutrient for carbon uptake by the marine biosphere. The process of denitrification (conversion of nitrate to gaseous compounds, including N 2 (nitrogen gas)) removes bioavailable nitrogen, particularly in marine sediments, making it a key factor in the marine nitrogen budget. Benthic foraminifera reportedly perform complete denitrification, a process previously considered nearly exclusively performed by bacteria and archaea. If the ability to denitrify is widespread among these diverse and abundant protists, a paradigm shift is required for biogeochemistry and marine microbial ecology. However, to date, the mechanisms of foraminiferal denitrification are unclear, and it is possible that the ability to perform complete denitrification is because of the symbiont metabolism in some foraminiferal species. Using sequence analysis and GeneFISH, we show that for a symbiont-bearing foraminifer, the potential for denitrification resides in the endobionts. Results also identify the endobionts as denitrifying pseudomonads and show that the allogromiid accumulates nitrate intracellularly, presumably for use in denitrification. Endobionts have been observed within many foraminiferal species, and in the case of associations with denitrifying bacteria, may provide fitness for survival in anoxic conditions. These associations may have been a driving force for early foraminiferal diversification, which is thought to have occurred in the Neoproterozoic era when anoxia was widespread.
Introduction
Over the past decade, our understanding of the nitrogen cycle has changed drastically (Francis et al., 2007) with the discovery of anaerobic ammonium oxidation (anammox, Dalsgaard et al., 2005) , archaeal ammonia oxidation (Könneke et al., 2005) and the ability of foraminiferal eukaryotes to perform complete denitrification (Risgaard-Petersen et al., 2006) . The first report of benthic foraminifera having the ability to perform complete denitrification was exciting because denitrification was thought to be a process facilitated only by prokaryotes and some fungi. Additional studies suggest that the ability of foraminifera to denitrify is widespread (Høgslund et al., 2008; Piñ a-Ochoa et al., 2010) . Dozens of foraminiferal species from a wide taxonomic range have been shown to store nitrate, and of the ten foraminiferal species analyzed for denitrification rates, nine perform complete denitrification. However, our understanding of the mechanisms of denitrification in these protists is incomplete.
We addressed uncertainties about foraminiferal denitrification in a symbiont-bearing allogromiid foraminifer. Although allogromiid foraminifera, which are tectinous and unilocular, differ in morphology and test (shell) chemistry from the multilocular calcareous Globobulimina pseudospinescens, which was the first foraminiferal species determined to perform denitrification (RisgaardPetersen et al., 2006) , the species live in similar habitats. The SBB (Santa Barbara Basin) allogromiid lives in relatively high abundance in sediments of the deepest part of the SBB (Bernhard et al., 2006) , and is the only allogromiid common in this part of the basin where denitrification might be expected because bottom-water oxygen concentrations in this area can be very low (typically o2 mM) (Bernhard et al., 1997) or undetectable (Bernhard et al., 2006) . At times, sulfide concentrations can be considerable in this area . The species was selected because of a number of its attributes, including its ecology, abundant endobionts and copious large cytoplasmic vacuoles (Bernhard et al., 2006) (Figure 1 ). The abundant endobionts of this SBB allogromiid appear to be one morphotype in the many specimens examined previously (Bernhard et al., 2006) . The copious large cytoplasmic vacuoles in this allogromiid are easily observed, and were noted in both fixed and live specimens in a prior cell-ultrastructural study (Bernhard et al., 2006) . Although this foraminiferal species is not formally described, it is morphologically distinct and its small subunit ribosomal RNA gene sequence (GenBank accession number AY818728) was found to group consistently in the basal foraminiferal lineage 'Clade L' (Bernhard et al., 2006) .
In the earlier study of this SBB allogromiid, the identity of the endobiont was unknown but was hypothesized to be a sulfur-oxidizing bacterium (Bernhard et al., 2006) . The reports of denitrification in foraminifera spawned two new hypotheses, however: (1) that the allogromiid's large cytoplasmic vacuoles contained nitrate and (2) that the endobionts were denitrifiers. Using a variety of geochemical and molecular approaches, we address these hypotheses and consider the results with respect to chemocline biogeochemistry and ecology, as well as early foraminiferal diversification.
Materials and methods

Sample collection
Samples were collected from water depths of 580-590 m in SBB, which is a silled basin with restricted water circulation located off Southern California, USA (centered on 34113.5N, 120102 0 W (Reimers et al., 1990; Reimers et al., 1996) . Sediments were collected on five occasions (9/07, 6/08, 10/08, 6/09 and 4/10) with a Soutar boxcorer (Ocean Instruments, San Diego, CA, USA), from which various samples were obtained. Those intended as sources for live material were placed along with bottom water in tightly sealed high-density polyethylene bottles, kept chilled and transported to our lab where they were maintained at 7 1C, which is near ambient temperature.
Nitrate content and isotopic composition
To determine intracellular nitrate concentrations, live specimens were isolated from sediments by gently sieving over a 90-mm screen using chilled bottom water as soon as possible (within a few days) after returning to the laboratory, rinsed twice in 0.2 mm-filter, nitrate-free seawater, measured for length and diameter using an ocular micrometer mounted on a Nikon SMZ 2B stereomicroscope (Nikon, New York, NY, USA), and individually air dried in 0.2 ml acid-cleaned polypropylene tubes. Nitrate content and isotopic composition were measured using isotope ratio mass spectrometry with the denitrifier method (Sigman et al., 2001) , which relies on conversion of NO 3 À (nitrate) to N 2 O (nitrous oxide) and sensitive detection of N 2 O via isotope ratio mass spectrometry. Air-dried individuals were dissolved in 100 ml acetic acid, and replicate 50 ml aliquots were analyzed for nitrate content against low-level (0.05-1.0 nmol) nitrate standards using the peak area of the major ion beam (m/z ¼ 44 DNA extraction, PCR amplification, alignment and phylogenetic analysis Nucleic acids were extracted from individual allogromiids, obtained from sediments by picking cells under a dissecting microscope, from sediments in a petridish resting on ice with a pulled Pasteur pipette. Picked cells were washed briefly by transferring them three times into sterile seawater to remove most loosely attached bacteria from the test surface, and DNA was extracted using either a standard cetyl trimethylammonium bromide extraction protocol (Winnepenninckx et al., 1993) or the Qiagen DNeasy Plant DNA Extraction kit (Qiagen, Valencia, CA, USA). There were 10-35 individuals pooled for each extraction method. Amplification of 16S rRNA gene fragments were performed using each of these DNA extracts using combinations of the bacterial primers 8F, 357F, 1542R (Lane, 1991 and 341F (Muyzer et al., 1993) , the universal reverse primer 1492R (Longnecker and Reysenbach, 2001) and the archaeal primer 1100F (Reysenbach and Pace, 1994) . PCR conditions were: 95 1C for 5 min followed by 35 cycles of 95 1C for 1 min, 45 1C for 1 min and 72 1C for 90 s, with a final incubation of 72 1C for 7 min for primer sets 357F/1542R, 1100F/ 1492R, 8F/1492R and 8F/1542R. PCR conditions for primer set 341F/1492R were 95 1C for 5 min followed by 35 cycles at 95 1C for 1 min, 50 1C for 1 min and 72 1C for 1 min followed by 72 1C for 10 min.
PCR amplifications of the dissimilatory nitrite reductase genes nirK and nirS were attempted using extracted DNA and published primers: Cunir3/ Cunir4 (Casciotti and Ward, 2001) and FlaCu/R3Cu (Hallin and Lindgren, 1999) , or nirS1F/nirS6R (Braker et al., 1998) and cd3aF/R3cd (Michotey et al., 2000; Throback et al., 2004) , respectively. Touchdown PCR was used with an annealing temperature beginning at 50 1C and decreasing by À0.5 1C per cycle for the initial 10 cycles, followed by 30 cycles at an annealing temperature of 45 1C. The positive controls were Alcaligenes faecalis for nirK and Pseudomonas stutzeri for nirS. Allogromiid specimens were also screened for sulfur oxidation and sulfate reduction genes soxB and dsrAB, respectively, with Thiomicrospira species strain L-12 and Desulfovibrio vulgaris as positive controls, respectively, using established primers and protocols (Petri et al., 2001) . Dissimilatory (bi)sulfite gene amplifications were run using the DSR1Fmix and DSR4Rmix primer sets (Loy et al., 2004) .
PCR products from all positive amplifications were gel-purified using the Qiaquick Gel Extraction Kit (Qiagen) and cloned into the pCR4 vector in the TOPO TA cloning kit (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions (for 357F/1492R, four separate amplification products were pooled before cloning). Selected clones (74 from 357F/1542R and 16-24 clones from all other primer pairs) were sequenced using an Applied Biosystems 3730XL capillary sequencer. Sequences were then edited and assembled into contigs using Sequencher (Gene Codes Corporation, Ann Arbor, MI, USA). Chimeric sequences were removed from further analyses by visual inspection and the CHECK_CHI-MERA program (Cole et al., 2003) .
Clone sequences were aligned using the autoaligner function within the software ARB (Ludwig et al., 2004) (http://www.arb-home.de) using the SILVA Reference database, and then the alignment was manually corrected using secondary structure information. Only reliably aligned sites were included in subsequent phylogenetic analyses. Bootstrapping and determination of the best estimate of the maximum likelihood tree topology were conducted with the Rapid Bootstrapping algorithm of RAxML (1000 bootstrap replicates) version 7.0, under the GTR (general time reversible) þ I model running on the CIPRES portal (Stamatakis, 2006; Stamatakis et al., 2008) (http://www.phylo.org).
FISH (fluorescent in situ hybridization) and CARD (catalyzed reporter deposition)-FISH
On the ship, sediments were preserved in 2.0% paraformaldehyde for 1 h, rinsed three times in phosphate-buffered saline (PBS), and then stored in PBS/ethanol (1:1) for later analysis by FISH. Specimens for FISH were hand picked under the dissecting microscope, washed briefly by transferring them three times into sterile seawater to remove most loosely attached bacteria from the test surface, and transferred to a 0.2-mm pore size, 25-mm Isopore GTTP filter (Millipore, Billerica, MA, USA). The filters were subsequently overlaid with 0.2% (w/v) Metaphor agarose (Cambrex Bioscience Rockland Inc., Charles City, IA, USA) at 37 1C and then dried at 50 1C. FISH protocols followed those published in Pernthaler et al. (2001) , and CARD-FISH protocols followed Edgcomb et al. (2010) , as modified from Pernthaler et al. (2002) . The only variation to the CARD-FISH protocol was the use of a multistep permeabilization routine when targeting intact allogromiid cells that incorporated a 1-h incubation at 37 1C in lysozyme solution (10 mg ml À1 final concentration), followed by a wash in 50 ml of sterile PBS, a 1-h incubation in ProteinaseK (50 ml of 1064 U ml À1 in 10 ml Tris EDTA), deactivation in 0.01 M HCl for 20 min, a wash in 50 ml sterile PBS, a 30-min incubation in TritonX (0.5% in PBS), and a final wash in 50 ml PBS, 50 ml of MilliQ-H 2 0 and 50 ml 200-proof ethanol. The probes used include EUB338 I-III (Amann et al., 1990; Daims et al., 1999) , NON338 (Wallner et al., 1993) , Arch915 (Stahl and Amann, 1991) , DELTA495a, b and c, and the corresponding competitor probes for each, cDELTA495a, b and c (Lucker et al., 2007) , BET42a (Manz et al., 1992) , BET42a competitor (Yeates et al., 2003) , Gam42a (Manz et al., 1992) , Gam42a competitor (Yeates et al., 2003) and a general Pseudomonas probe PS1284 (Gunasekera et al., 2003) . All probe hybridizations were conducted with 35% formamide and 0.080 M NaCl; all were conducted at 46 1C and washed at 48 1C following published optimized protocols, confirmed in our laboratory with positive control pure cultures (d-, b-and g-proteobacteria) for each probe. For regular FISH hybridization studies targeting the allogromiid endobionts, the hosts were lysed to expose endobionts by vortexing for 15 s before depositing lysate on filters. All filters were mounted in Citifluor/Vectashield mounting solution (5.5 parts Citifluor, 1 part Vectashield and 0.5 parts 1 Â PBS) with 1 mg ml À1 final concentration of 4',6-diamidino-2-phenylindole (DAPI), and stored at À20 1C until microscopy was performed, as described below under the GeneFISH protocol.
GeneFISH
GeneFISH uses multiple digoxigenin-labeled polynucleotide probes to target genes, followed by the binding of horseradish peroxidase-conjugated antibodies and CARD to amplify and visualize the signal (Moraru et al., 2010) . Published protocols were followed, except that a FISH probe (vs a CARD-FISH probe) was used for the 16S rRNA gene. For our application, the FISH probe targeting the ribosomal RNA gene was the general Pseudomonas probe (Gunasekera et al., 2003) , and the 437 bp digoxigenin-labeled probe targeting the nirK gene was generated using primers specific to the allogromiid nirK sequence. The forward primer was FLaCu 5 0 -ATCATGGTSCTGCCGCG-3 0 ; the reverse was R3Cu 5 0 -GCCTCGATCAGRTTGTGGTT-3 0 (Hallin and Lindgren, 1999) . The construction of this digoxigenin-labeled probe used the Roche PCR DIG Probe Synthesis Kit (Roche Diagnostics, Basel, Switzerland) and 25 pg of template DNA. PCR cycling consisted of 1 min denaturation at 95 1C, followed by 30 cycles of 95 1C for 1 min, 45 1C for 1 min and 72 1C for 90 s, followed by a final single cycle of 72 1C for 7 min. It was not possible to test this probe on a separate positive control organism because, by definition, in this protocol the probe is unique to this particular nirK sequence, and would not be expected to hybridize optimally to another slightly different nirK sequence. With GeneFISH, Moraru et al. (2010) reported that background fluorescence can come from false signals that are as bright as the true gene signal and from background fluorescence that is much weaker than the gene signal, such as that generated by tissue autofluorescence. As discussed at great length in Moraru et al. (2010) , with the current GeneFISH protocol it is not yet possible to completely eliminate false positive hybridization signal of the first type described above, which can occur at random on both host material and on bacterial cells. A hybridization result is judged to be positive, therefore, when false positives (scored by hybridization of the gene probe to DNAse-treated samples) are significantly outnumbered by positives (hybridization of the gene probe to samples not treated with DNAse) (Moraru et al., 2010) . Gene-specific hybridization is also assessed against a simultaneously hybridized 16S rRNA probe; in this case the Pseudomonas-specific 16S rRNA probe. By applying the gene probe during the GeneFISH protocol at a concentration of 25 pg ml À1 and using a 22-h hybridization, acceptable percentages of false positive signals (1-4%) and hybridization efficiencies (50-65%) were obtained. These results were repeated with a minimum of 20 allogromiid smear preparations. Although disruptive of the allogromiid cell organization, lysing individuals and depositing several spots of the lysate on each filter reduced interference from background and the three-dimensional shape of the host, making it easier to distinguish the colocation of 16S rRNA and nirK hybridization than with intact allogromiids. As noted in Moraru et al. (2010) , hybridization efficiency for the gene probe is often B45%, and false positives B4-7%. GeneFISH images were collected using a Zeiss Axioplan 2 epifluorescence microscope (Zeiss, Thornwood, NY, USA) equipped with a Zeiss AxioCam camera and Â 20 to Â 100 objectives. 
Results
Nitrate
16S rRNA sequencing
All bacterial primer pairs tested (see Materials and methods) produced a positive PCR amplification from the SBB allogromiid. Archaeal 16S rRNA genes were not detected by PCR. The bacterial 16S rRNA gene clone libraries included multiple taxonomic groups, including d-proteobacteria, b-proteobacteria (Delftia) and members of the g-proteobacteria.
Although it is not possible to reliably correlate abundance of a particular sequence in clone libraries to abundance in a sample, g-proteobacteria represented the highest percentage of clones in libraries generated with different bacterial primer sets (20-50% depending on primer combination). Among the 17 g-proteobacterial sequences in our different 16S rRNA gene clone libraries, 16 were most closely related (90% bootstrap support under maximum likelihood) to an uncultured Pseudomonas (AY987841), with its next closest relatives being Halomonas species and Marinobacter species (Figure 2) . The g-proteobacterial sequence affiliated with Pseudomonas is deposited in GenBank under the accession number JF414803.
Functional gene sequencing
The nitrite reductase gene nirK was also detected in DNA extracts from the SBB allogromiids. We recovered only one nirK sequence variant. The nirK sequence was most closely related to an uncultured bacteria (DQ182218) isolated from a denitrifying community in an activated sludge sample (Hallin et al., 2006) , and also Mesorhizobium species 4FB11 based on phylogeny and BLAST analysis (data not shown). The single nirK sequence recovered was deposited in GenBank under the accession number JF414804. The nirS gene was not detected. Sulfur metabolism was not evident in the SBB allogromiid because (1) genes for sulfur oxidation (soxB) and sulfate reduction (dsrAB) were not found, and (2) spectral and elemental maps did not indicate the presence of elemental S in the endobionts aligning the large vacuole peripheries (data not shown).
CARD-FISH
DAPI staining and CARD-FISH with a universal eubacterial probe confirmed the presence of endobionts in our material (Figures 3a and b) . CARD-FISH with a general g-proteobacterial probe was also positive (results not shown), whereas CARD-FISH using the general d-and b-proteobacterial probes both produced negative results (B20 allogromiids tested per probe, 3 separate hybridization trials), as were the NON probe (Figures 3c and d) and allogromiids subject to the CARD-FISH procedure with no probe (both negative controls run on B20 allogromiid cells each). Altogether, CARD-FISH results suggested that the endobiont was a g-proteobacterium. FISH FISH using a fluorescein isothiocyanate (FITC)-labeled general Pseudomonas probe and a published optimized protocol (Gunasekera et al., 2003) was positive (Figures 3e and f) . Smear preparations of individual allogromiid cells provided clear images of the hybridization results with this probe, free of ambiguity caused by the faint background interference from the allogromiid (using optics for FITC/ Cy3). The exact percentage of endobiont cells that affiliate with the pseudomonads could not be calculated because we lacked sufficient allogromiid specimens to conduct a dual hybridization experiment using the universal bacterial probe and the Pseudomonas-specific probe. However, comparison of DAPI with FITC images of the same preparations, revealed only occasional (o5%) endobiont cells that did not hybridize to both the g-proteobacterial and Pseudomonas-specific FISH probes. As with CARD-FISH, hybridizations with a NON probe and cells put through the same FISH procedure with no probe were both negative (B20 SBB allogromiid cell preparations each).
GeneFISH
GeneFISH indicates that this nirK gene sequence is located within the endobionts (Figures 3e-h 
Discussion
Intracellular nitrate contents and concentrations in the SBB allogromiid were high and comparable to those of other foraminifera reported to store nitrate and/or catalyze denitrification (Risgaard-Petersen et al., 2006; Høgslund et al., 2008; Piñ a-Ochoa et al., 2010) . Thus, our inference that the abundant large cytoplasmic vacuoles (Figure 1a ) are filled with nitrate is likely. High intracellular nitrate concentrations compared with surrounding waters (Sigman et al., 2003) suggest that the SBB allogromiid (and other foraminifera reported in the literature) are intentionally transporting NO 3 À into their cells or are producing it intracellularly. Given that no known nitrifying microorganisms were detected in our clone libraries and that the allogromiids inhabit anoxic sediments (Bernhard et al., 2006) An earlier transmission electron microscopy study showed that the SBB allogromiids shows no evidence of ectobionts, but have endobionts of a single morphotype of coccoid to shortened rodshaped cells found as individuals or in short chains (Bernhard et al., 2006) . Individual allogromiids, which are fragile and have a thin (B1 mm) test of clay particles (Bernhard et al., 2006) , were difficult to completely clean of contaminating extracellular bacteria before nucleic acid isolation, even after rinsing specimens in several washes of sterile seawater. As a result, the obtained 16S rRNA gene clone libraries contained sequences from a variety of genotypes, most likely including some 'contaminating' bacteria. The washing procedures were sufficient, however, to remove a significant portion of contaminant bacteria from the surface of the tests, and similar to Bernhard et al. (2006) , that used the same procedure; we only observed occasional, mostly filamentous external prokaryotes attached to the tests of this allogromiid during microscopy. Our attention was initially drawn to the g-proteobacteria because they represented a significant portion of the recovered gene sequences (described above), which we infer to belong to the numerically dominant endobiont. Subsequent FISH experiments that showed positive hybridization with the general bacterial, general g-proteobacterial and general Pseudomonas probes support the conclusion that the SBB allogromiid endobionts are pseudomonads. To our knowledge, these FISH results are the first ever reported in the literature for foraminiferal endobionts.
Marine pseudomonads capable of denitrification or nitrate reduction to ammonia are known (Gruntzig et al., 2001) . Further, we recovered a single nirK sequence from the allogromiid, and by generating a probe unique to this nirK sequence were able to show with GeneFISH that this probe hybridized to the same endobiont cells that hybridized to the general Pseudomonas probe. The purpose of applying GeneFISH in this study was to determine whether the nirK gene sequence would localize to the endobionts or to the allogromiid host; we only observed hybridization to the endobionts. As noted above, although lysing individual allogromiid cells for the GeneFISH procedure destroys topological information, this process was required for an unambiguous interpretation of GeneFISH results due to interference from slight autofluorescence of the allogromiid in the FITC channels and from its 3-dimensional shape. Figures 3e and f show that the GeneFISH probe designed from our nirK sequence hybridizes to the same cells, as does the general Pseudomonas probe applied in this study. The connection between this nirK sequence and the specific Pseudomonas-related rRNA sequence recovered from the allogromiid is only indirect, as GeneFISH was not attempted with a 16S rRNA probe unique to the specific Pseudomonas-related rRNA sequence. However, we conclude that the allogromiid endobionts are likely a species of denitrifying pseudomonad because (1) nirK was detected in DNA extracts from the SBB allogromiid, (2) this nirK gene was localized to the endobionts and (3) the SBB allogromiid endobionts are spatially associated with the peripheries of vacuoles (Bernhard et al., 2006) , which presumably contained the high observed concentrations of nitrate. The failure to detect genes for elemental sulfur oxidation and sulfate reduction is consistent with our conclusion in as much as Pseudomonas species are not recognized to carry out such sulfur metabolisms. Although the 16S rRNA gene sequence of the SBB allogromiid endobiont is most closely related to an uncultured Pseudomonas detected in a hypersaline saltern (Maturrano et al., 2006) , the exact phylogenetic affiliation of this allogromiid endobiont within the Pseudomonadales should be interpreted with caution, until more sequences of uncultured pseudomonads are available in public databases. Risgaard-Petersen et al. (2006) calculated that 6000-23 000 denitrifying bacteria were necessary to account for the measured denitrification rates in their foraminiferal species. Using previously published transmission electron microscopy images crossing a transect of a SBB allogromiid, and average allogromiid length and width data presented in Bernhard et al. (2006) as well as average endobiont dimensions, we estimate the abundance of endobionts in an average SBB Clade L allogromiid to be 4250 000 bacteria, taking up B17.6% of the cell volume. Although we lack denitrification rates for the SBB allogromiid, the allogromiid endobiont abundance per foraminifer is 1-2 orders of magnitude greater than needed to account for denitrification rates reported for other foraminiferal species (Risgaard-Petersen et al., 2006; Piñ a-Ochoa et al., 2010) .
Denitrification is almost undoubtedly carried out by bacterial endobionts in this Clade L allogromiid species, even though no Clade L allogromiids have been shown to denitrify (nor tested for denitrification activity). Thus, our data suggests that denitrification in some species may be dominated by prokaryotic associates. Given that bacterial symbionts in benthic foraminiferal species from anoxic to micro-oxic habitats are not uncommon (Bernhard et al., 2000; Bernhard, 2003; Bernhard et al., 2010) and many or most of the foraminiferal species reported to denitrify (Piñ a-Ochoa et al., 2010) have not been examined for endo-and/or ectobionts, the role of prokaryotes in these associations deserves further study to resolve the enigma of foraminiferal denitrification. It is possible that other foraminiferal species, especially those lacking symbionts, may indeed perform complete denitrification but additional comparative studies using symbiont bearing and non-symbiont bearing species, as well as antibiotic treatments are required to shed more light on the ability of these eukaryotes to denitrify.
The activity of the endobionts apparently allows the host to survive in anoxic habitats. The mechanism of this interaction is currently unknown, but may occur through removal of hydrogen or other metabolic intermediates. From a different perspective, non-fossilizable unilocular foraminifera similar to the SBB allogromiid evolved before more commonly known multilocular calcareous forms; such evolution likely occurred in the Neoproterozoic era (Pawlowski et al., 2003) . Convincing evidence exists suggesting that anoxic marine habitats were extensive at this time (Frei et al., 2009) . Thus, acquisition of denitrifying bacterial symbionts would have expanded the foraminiferal habitat range early in their history.
